SCANNING PROBE MICROSCOPE WITH 
PROBE FORMED BY SINGLE CONDUCTIVE MATERIAL 



BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relays to a scanning probe 
microscope such as a sca nning capa/citance microscope (ScaM). 
Description of the Related Art 

A prior art scanning probe microscope includes a 
conductive probe unit which is constructed by a cantilever and a 
probe at its free end (see: JP-A-8-54403) - The cantilever is 
adapted to be approximately in parallel with a surface of a 
sample, and the probe is in proximity to the surface of the 
sample. In this case, the cantilever associated with the probe is 
made of monocrystalline silicon covered by silicon oxide or 
silicon nitride and metal coated on the monocrystalline silicon. 
Thus, the cantilever serves as a spring. This will be explained 
later in detail. ^ 

In the above -^escriSleci prior art Scanning pro be ^ 
microscope, since the coated metal of the ^ntilever is so thin 
that the coated metal has a high impedaryce, i.e., a low 
conductivity, the sensitivity of a sensor /onnected to the probe 
is substantially decreased. Also, since pie coated metal of the 
cantilever has a larger surface to creare a large stray 
capacitance between the cantilever arfd the sample, a signal 
generated from the probie is suppres/ed by the large stray 
capacitance. Further, since the rad/us of curvature of the tip 
portion of the probe is large, the spatial resolution cannot be 
increased. In order to increase thef spatial resolution, the coated 
metal has to be made thinner to decrease the radius of curvature 
of the tip portion thereof; howe/er, this further increases the 
impedance of the coated metal/ In addition, the coated metal is 
easily peeled off by the frictio/between the coated metal and the 
sample- Further, Joule heat^enerated stays at the tip portion 
of the probe to dissolve the/oated metal at the tip portion of the 



probe. Thus, the couductivity o 



f the o<^tt 



ed metal is decreased. 



SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
.5 scanning probe microscope constructed by a conductive probe 
capable of having a low impedance, a small stray capacitance, a 
small radius of curvature at the tip portion thereof, and 
preventing the tip portion from being peeled off alnd'^dissolved. 
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Another object is to provide^ scanning probe 
microscope capable of simply obtainijfg a concentration of 
majority carriers in equilibrium or a/concentration of departs in 
a semiconductor devic e . 



Still aother object is to provide a. conductive probe for 
use in the above-mentioned scanning probe microscope. 

According to the present invention, a probe for use in a 
scanning probe microscope includes a single conductive 
material having a sharp end. Also, a scanning probe microscope 
for a sample is constructed by a probe having a conductive sharp 
end; a raoving unit for moving the sample along a Z-direction and 
moving the sample in X-and Y-directions; a vibrating unit for 
vibrating the probe along a direction approximately in parallel 
with a surface of the sample; a vibration detecting unit for 
detecting a vibration state of the probe; a signal detecting unit 
for detecting an electrical characteristic signal between the 
probe and the sample; a control unit for controlling an 
interaction between the probe and the sample so that the 
interaction is brought close to a predetermined definite level; 
and a voltage applying unit for applying an AC/DC voltage to the 
sample, 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be more clearly understood 
from the description set forth below, as compared with the prior 
art, with reference to the accompanying drawings, wherein: 

Pig. 1 is a diagram illustrating a prior art scanning probe 



microscope; 

Fig. 2A is a perspective view of the conductive probe unit of 
Fig. 1; 

Fig. 2B is a croas-sectional view of the conductive probe of 
Fig. 1; 

Fig. 3 is a diagram illustrating a principle of the scanning 
probe microscope according to the present invention; 

Fig. 4 is a block circuit diagram illustrating a first 
embodiment of the scanning probe microscope according to the 
present invention; 

Fig. 5 is a timing diagram showing the capacitance signal of 
the capacitance sensor of Fig. 4; 

Fig. 6A is a diagram showing an image displayed on the "C" 
display unit of Fig. 4; 

Fig. 6B is a diagram showing an image displayed on the 
dC/dV display unit of Fig. 4; 

Fig. 7 is a cross-sectional view of the sample of Fig. 4; 

Figs, 8A and 8B are flowcharts showing operations of the 
control unit of Fig. 4; 

Fig. 9 is a block circuit diagram illustrating a second 
embodiment of the scanning probe microscope according to the 
present invention; and 

Fig. 10 is a block circuit diagram illustrating a third 
embodiment of the scanning probe microscope according to the 
present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Before the description of the preferred embodiments, 
a prior art scanning probe microscope will be explained with 
reference to Figs. 1, 2A and 2B (see: JP-A-8-54403) . 

In Fig. 1, which illustrates a prior art scanning probe 
microscope combined by an atomic force microscope and a 
scanning capacitance microscope, a sample 101 such as a 
semiconductor device is mounted on a piezoelectric element 102, 
so that the sample 101 can be moved along X-, Y- and Z- 



directions by the piezoelectric element 102. A conductive probe 
unit Z03 is in proximity to the surface of the sample 101, and an 
AC/DC modulation voltage is applied by a voltage modulation 
circuit 104 connected between the sample 101 and the 
5 conductive probe unit 103. Also, a capacitance sensor 105 is 
connected between the conductive probe unit 103 and the 
voltage modulation circuit 104. The capacitance sensor 105 is 
constructed by an LC resonance circuit, an oscillation circuit 
and a detector including a diode. Further, a laser diode 106 
10 irradiates the conductive probe unit 103 with light beams, and a 
detector 107 detects light beams reflected therefrom, thus 
detecting a displacement of the conductive probe unit 103. 

As illustrated in Fig- 2A, which is a perspective view of 
,;p the conductive probe unit 103 of Fig. 1, the conductive probe 
Ml5 unit 103 is constructed by a cantilever 1031 having a sharp 
J'^ probe 1031a at its free end and a holder 1032 for holding the 
iiij cantilever 1031. 

y| As illustrated in Fig. 2B, which is a cross-sectional 

view of the conductive probe unit 103 of Fig- 1, the cantilever 
120 1031 associated with the probe 103 1a is constructed by a 

monocrystalUne silicon substrate 201 covered by silicon oxide or 
silicon nitride (not shown) and an about lOOnm thick metal layer 
202 made of Au, Pt/Ir or Co/Cr coated on the monocrystalline 
silicon substrate 201. Thus, the cantilever 1031 serves as a 
25 spring. 
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In the scanning probe microscop^of Figs, 1, 2A and 
2B, the detector 107 detects the displacement of the conductive 
probe unit 103, i.e., the displacement of/the cantilever 1031 by 
detecting light beams reflected from theA;antilever 1031, so that 
a contact pressure of the probe 1031^to the sample 101 is 
detected. On the other hand, the dis^nce in the Z-direction 
between the sample 101 and the proUc 103 la is controlled by the 
piezoelectric element 101, so thatythe contact pressure of the 
probe 1031a to the sample 101 i^brought close to a definite 
35 value. Additionally, informatio^^ regarding a capacitance 



between the sample 101 and the prob^l03 1a is detected by the 
capacitance sensor 105. As a result, ifwo-dimensional surface 
information of the sample 101 as w^l as two-dimensional 
capa citanc e inforxaation of the saipple 101 can be obtained. 
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In the scanning probe inicroscope of Figs. 1, 2A and 
2B, however, since the metal layer 202 is so thin that the metal 
layer 202 has a high impedance, i.e., a ^ow conductivity, the 
sensitivity of the capacitance sensor 105 is substantially 
decreased. 

Also, since the cantilever 1031 has a larger surface of 
the metal layer 20^2 than that of the metal layer 202 of the probe 
1031a to create a large stray capacitance between the cantilever 
1031 and the sample 101, a capacitance signal generated from 
the probe 1031a is suppressed by the large stray capacitance. 
Thus, the signal to noise (S/N) ratio of the capacitance signal of 
the capacitance sensor 105 is deteriorated. 

Further, since the radius of curvature of the tip 
portion of the probe 1031a is large, the spatial resolution cannot 
be increased. In order to increase the spatial resolution, the 
metal layer 202 has to be made thinner to decrease the radius of 
curvature of the tip portion thereof; however, this further 
increases the impedance of the metal layer 202, 

In addition, since the metal layer 202 is coated on the 
monocrystalline silicon substrate 201, the metal layer 202 is 
easily peeled off by the friction between the metal layer 202 and 
the sample 101. 

Further, when a DC current flows between the probe 
1031a and the sample 101, Joule heat is generated and stays at 
the tip portion of the probe 1031a to dissolve the metal layer 202 
at the tip portion of the probe 1031a, Thus, the .conductivity of 
the metal layer 202 is decreased. 

In Fig. 3, which illustrates a principle of the scanning 
probe microscope according to the present invention, a sample 1 
such as a semiconductor device is mounted on a piezoelectric 
element 2, so that the sample 1 can be moved along X-, Y- and 
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Z-directions by the piezoelectric element 2. 

A conductive probe 3 is provided to be in proximity to 
the surface of the sample 1, The conductive probe 3 is 
constructed by about 20 to 100//m-diameter metal wire made 
5 of W, Pt/Ir, Ni, Au or Ag and has a sharp end 3a. The sharp end 
3a is formed by performing an electropolishing process upon the 
metal wire. In this case, the radius of curvature of the sharp end 
3a is adjusted by the concentration of electrolysis, the applied 
voltage or the time period during which the metal wire is 
10 immersed into the electrolysis, so that the radius of curvature of 
the sharp end 3a is reproducibly realized. Note that an electrical 
discharge machining process can be used instead of the 
„„ electropolishing process. 

i.p The conductive probe 3 is vibrated along the X- 

direction by a piezoelectric element 4 which is driven by an 
'^2 oscillator 5 whose frequency f^ is 30 to 60kHz, In this case, the 
iy piezoelectric element 4 is electrically isolated from the 
J;j conductive probe 3, When the conductive probe 3 is vibrated by 
S' the piezoelectric element 4, the conductive probe 3 is vibrated 
h^O approximately at a resonant state thereof. Simultaneously, the 
p conductive probe 3 generates a current signal due to the 
£g piezoelectric effect of the piezoelectric element 4 caused by the 
bri vibration of the conductive probe 3, 



i^ea 



Also, a detector 6 is provided to detect the vibration 
25 state of the conductive probe 3, to generaty a detection signal in 
eaponse to the amplitude oif the vibratio^ of the conductive 
be 3 or the difference in phase between the vibration 
frequency of the conductive probe 3 aj/d the frequency fp of the 
oscillator 5. The detector 6 is preferatbly in proximity to the 
30 piezoelectric element 4 or within thfe piezoelectric element 4. In 
order to effectively induce a resoix^nt state on the conductive 
probe 3, the mass of the conductiSve probe 3 is preferably 
equivalent to that of the piezoelectric element 4. Also, if the 
piezoelectric element 4 has a n^Ltural resonant frequency as in a 
35 crystal oscillator, the conductive probe 3 is vibrated at this 
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natural resonant frequency. In this case, jfty order not to 
deteriorate the resonance ch.aracteristica/of the piezoelectric 
element 4, the mans of the conductive RTobe 3 is preferably as 
small as possible. A feedback control imit 9 is provided to 
receive the detection signal of the detector 6 and control the 
location Z of the sample 1 in accordance with the output signal 
of the detector 6, so that the amplitude of the vibration of the 
conductive probe 3 or the differenc/ in phase between the 
vibration frequency of the conductive probe 3 and the frequency 
10 fo of the oscillator 5 is brought cl<^e to a predetermined definite 
value. Thus, a feedback control xising the detector 6 and the 
feedback control unit 9 is perforfned upon the* distance between 
the sample 1 and the conductive probe 3. 



U2 



v3 Further, an AC voltage V whose frequency fi(>fo) is 

;Wi5 20 kHz to 10 MHz is applied by a voltage modulation circuit 7 to 
ii^ the sample 1. In this case, the frequencies f^and f i are preset so 

as not to interfere with each other. Note that the voltage 
modulation circuit 7 can apply a DC voltage to the sample 1. 
,3 Additionally, a sensor 8, which is a capacitance 

!^*^0 sensor or a current sensor, is connected to the conductive probe 
1^ 3 to detect a capacitance between the conductive probe 3 and the 
Co sample 1 or a current flowing therethrough. 

i^^f In the scanning probe microscope of Fig, 3, since the 

conductive probe 3 has a low impedance, i.e., a high 
25 conductivity, the sensitivity of the sensor 8 is substantially 
increased. <» 

Also, since the conductive probe 3 has a small surface 
against the sample 1 to create only a small stray capacitance 
between the conductive probe 3 and the sample 1, a signal 
30 generated from the sharp end 3a is hardly suppressed by the 

small stray capacitance. Thus, the S/N ratio of the sensor signal 
is not deteriorated. 

Further, since the radius of curvature of the sharp 
end 3a is small, the spatial resolution can be increased. 



35 In addition, since the conductive probe 3 associated 
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with the sharp edge 3a is made of a /ingle material such as W, 
Pt/Ir Ni, Au or Ag the sharp edge 3a^s hardly peeled off from the 
conductive probe 3 by the friction ^tween the sharp edge 3a and 

the sa raple 1. ^ 

5 Further, when a DC current flows between the sharp 

edge 3a and the sample 1, Joule heat is generated; however, this 
heat is immediately transferred to the body of the conductive 
probe 3. As a result, the sharp edge 3a is hardly dissolved. Thus, 
the conductivity of the conductive probe 3 is not decreased. 
10 Embodiments of the present invention to which the 

principle of Fig. 3 is applied will be explained next with reference 
to Figs. 4, S, 6A, 6B, 7, 8A and 8B. 

In Fig. 4, which illustrates a first embodiment of the 
scanning probe microscope according to the present invention, a 
ji5 capacitance sensor 8A serves as the sensor 8 of Pig. 3. Therefore, 
ill scanning probe microscope of Fig, 4 is a scanning 

IbJ capacitance microscope. 

In Fig. 4, the piezoelectric element 4 vibrates the 
conductive probe 3, and simultaneously, the piezoelectric 
1^0 element 4 generates a current signal due to the piezoelectric 

effect of the piezoelectric element 4 caused by the vibration of 
ig the conductive probe 3. A lock-in amplifier serving as the 
M detector 6 of Fig. 3 detects the vibration amplitude of the 
conductive probe 3 or the difference in phase between the 
25 vibration frequency of the conductive probe 3 and the frequency 
fo of the oscillator 5 using the frequency fo of the oscillator 5 as 
a reference. Then, the output voltage of the lock-in amplifier 6 is 
supplied to an input of a servo circuit 9 which generates an 
output voltage A and transmits it to the.piezoelectric element 2. 
30 Note that the servo circuit 9 serves as the feedback control unit 
of Fig. 3, As a result, the location Z of the sample 1 is controlled 
by using the output voltage A of the servo circuit 9, so that the 
vibration amplitude of the conductive probe 3 or the difference 
in phase between the vibration frequency of the conductive 
35 probe 3 and the frequency fo of the oscillator 5 is brought close to 
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a reference voltage VREpThus, the distance between the sharp 
edge 3a of the conductive probe 3 and the sample 1 is brought 
close to a definite value. 

In Fig. 4, since the vibration state of the conductive 
probe 3 is detected by the piezoelectric element 4, an optical 
system formed by the laser diode 106 and the detector 107 of Fig. 
1 is unnecessary, and also, the sample 1, the conductive probe 3 
and the like can be easily incorporated into a small vacuum 
chamber or cryostat. 

Also, a computer 10 is provided for controlling the 
entire scanning probe microscope of Fig. 4, and a scan circuit 11 
is connected betvreen the computer 10 and the piezoelectric 
element 2 to move the sample 1 along the X- and Y- directions. 
As a result, the conductive probe 3 scans the sample 1 while the 
'^.IS distance between the conductive probe 3 and the sample 1 is 
maintained at a definite value. In this case, the computer 10 
y stores the location Z of the sample 1 corresponding to the output 
voltage A of the servo circuit 9 in relation to the location of the 
™ conductive probe 3 in the X- and Y-directions in a memory 
120 thereof. For example, the scan circuit 1 1 is operated so that a 4 
;^ //m X4/zm area of the sample 1 is scanned by the conductive 
m probe 3, Thus, a topographical image of the sample 1 using the 
|3 location Z is obtained by the computer 10 on a "Z" display unit 

12 as shown in Fig. 6A. 
25 The capacitance sensor 8A generates a capacitance 

signal C relating to a capacitance between the conductive probe 
3 and the sample 1. For example, if the sample 1 is constructed 
by a semiconductor device, the capacitance sensor 8A generates 
a capacitance signal C as shown in Fig. 5 in dependency upon a 
30 depletion region generated in the semiconductor device 
immediately below the conductive probe 3. Thus, the 
capacitance signal C is stored in the memory of the computer 10 
in relation to the relative location of the conductive probe 3 in 
the X- and Y- directions. As a result, the capacitance of the 
sample 1 using the capacitance signal C is obtained by the 
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computer 10 on the "C" display unit 13. 



A lock-in amplifier 14 detects a dC/dV signal from the 
capacitance signal C of the capacitance senso/ 8A using the 
frequency f| of the AC voltage of the voltage r^dulation circuit 7 
as a reference, while a 4>am x4^m predet/rmined area of the 
sample 1 is scanned by the conductive prShe 3 using the scan 
circuit 1 1 . Thus, the dC/dV signal is stored in the memory of the 
computer 10 in relation to the relative l/cation of the conductive 
probe 3 in the X- and Y-directions- As /result, a dC/dV image of 
the sample 1 is obtained by the compj&ter 10 on a dC/dV display 
unit 15 as shown in Fig. 6B. In thiafcase, if the sample 1 is a 
semiconductor device, the sign ofjQie dC/dV signal indicates a 
™ polarity of depants in a depletionf region immediately below the 
J. conductive probe 3. and the abs(blute value of the dC/dV signal 
JDG indicates the concentration of /tationary charges in the above- 
enXioneddeplction region. 



As shown in Fig. 5, the capacitance signal C of the 
capacitance sensor 8A is modulated by the vibration frequency 
of the conductive probe 3. Therefore, a lock-in amplifier 16 is 
provided to detect a dC/dX signal from the capacitance signal C 
g of the capacitance sensor 8A using the frequency fp of the 
ipg oscillator 5 as a reference, while a 4//mX4//m predetermined 
Q area of the sample 1 is scanned by the scan circuit 11. In this 

case, the dC/dX signal indicates a spatial differential 
25 component of the capacitance C with respect to a coordinate X 
for showing the vibration direction of the conductive probe 3. 
Thus, the dC/dX signal is stored in the memory of the computer 
10 in relation to the relative location of the conductive probe 3 in 
the X- and Y- directions. As a result, a dC/dX image of the 
30 sample 1 is obtained by the computer 10 on a dC/dX display unit 
17. 

A lock-in amplifier 18 detects a d^C/dVdX signal from 
the signal dC/dX of the lock-in amplifier 16 using the frequency 
fi of the AC voltage of the voltage modulation circuit 7 as a 
35 reference, while a 4/imX4//m predetermined area of the sample 
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1 is scanned by the scan circuit 11. Thus, a d^C/dVdX signal is 
stored in the memory of the computer 10 in relation to the 
relative location of the conductive probe 3 in the X- and Y- 
directions. As a result, a d'^C/dVdX image of the sample 1 is 
obtained by the computer 10 on a d^C/dVdX display unit 19. 

In Fig. 4, if the sample 1 is made of se|Eiiconductor, 
metal, insulator and the like, a C image display^ on the "C" 
display unit 13 shows the distribution of each /f the 
semiconductor, metal, insulator and the like. Also, as stated 
above, a dC/dV image displayed on the dC / dW display unit 15 
shows the polarity and concentration of dop/nts in the sample 1 
which is made of monocrystalline silicon, fo/ example. Further, a 
dC/dV image displayed on the dC/dX disLflay unit 17 shows a 
distribution of an insulator or the like in the sample 1 which 
distribution is not dependent upon the /c/dV component of the 
capacitance between the conductive p^be 3 and the sample 1. 
Note that, since a C/dX image can bei&btained without applying 
a voltage to the sample 1, a pn juncpon of a semiconductor 
substrate which isi subject to a voltlge applied thereto can be 
easily observed by the dC/dX imag/ Further, a d^C/dVdX image 
shows a spatial slop of a concentraftion of dopants in the sample 

Note that the above-mentioned images can be 
simultaneously obtained by one scanning operation of the 
conductive probe 3 upon the sample 1. 

In Fig. 4, the d=^C/dVdX signal is obtained by 
modulating the capacitance signal C of the capacitance sensor 
8A in the frequency f© of the oscillator 5 and then detecting the 
demodulated signal by using the frequency fi of the AC voltage of 
the voltage modulation circuit 7, however, the d^C/dVdX signal 
can be obtained by modulating the capacitance signal C of the 
capacitance sensor 8A in the frequency f j of the AC voltage of the 
voltage modulation circuit 7 and then detecting the demodulated 
signal by using the frequency fo of the oscillator 5. In this case, 
the lock-in amplifier 16 is connected to a post stage of the 
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lock-in amplifier 18. 



Also, in Fig. 4, the output voltago^ A of the servo 
circuit 9 is applied to the piezoelectric elen((ent 2 to move the 
sample 1 in the Z-direction, so that the vft)ration amplitude of 
5 the conductive probe 3 or the differencerin phase between the 
vibration frequency of the conductive o^obe 3 and the frequency 
fo of the oscillator 5 is brought close/o the definite value Vrep. 
However, this feedback control oper/tion can be carried out so 
that other electrical characteristic /ignal such as the "C" signal, 

10 the dC/dV signal, the dC/dX sign/l or the d^C/dVdX signal can 
be brought close to the definits vfe.lue Vr^f. In this case, the 
capacitance sensor 8A, the lock/in amplifier 14, the lock-in 
amplifier 16 or the lock-in amp^fier 18 is connected to the servo 

S circuit 9. 



When the sample 1 is constructed by a 
W monocrystalline silicon substrate 701 and a silicon oxide layer 
[y 702 formed thereon, as shown in Fig. 7, a concentration of 
ip majority carriers in equilibrium or a concentration of ionized 

dopants will be explained next. 
1^ In a metal-oxide-semiconductor (MOS) structure as 

illustrated in Fig. 7, a total capacitance Ct^^ai is given by: 
C,,,,, = C, Co/(C, + CJ (1) 
where Cg is a capacitance of a depletion region 
generated in the silicon substrate 701; and 

Co is a capacitance of the silicon oxide layer 702. 
Therefore, 
dC,,,,i / dV 

= <^o' / (C, + CJ^ - (dC, / dV) (2) 
Since dC„ / dV is dependent upon the concentration of 
majority carriers in equilibrium or the concentration of dopants, 
the concentration of majority carriers in equilibrium or the 
concentration of dopants can be estimated from a measured 
value of dC,„t^i / dV. However, since the formula (2) is complex 
and the capacitance C^ of the silicon oxide layer 702 has to be 
obtained in advance, it is difficult to estimate the above- 
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mentioned concentration from the formula (2). 

The inventors have invented a technique for simply 
estimating the concentration of majority carriers in equilibrium 
or the concentration of dopants of the silicon substrate 701 of 
5 -Fig. 7. 

In Fig. 7, a voltage V applied to the silicon substrate 
701 is divided as follows. 

V = V, + V, (3) 

where V3 is a voltage applied to the depletion region; 

10 and 




V„ is a voltage applied to th^ silicon oxide layer 7 



Also, the capacitance C, is dependent upon the 



concentration p„ of majority carriers in equilibrium and the 

voltage V3, i.e., 

2 = C3(V., pj (4) 

lii Note that, if the silicon substrate 701 is of a p-type, po 

'43 designates a hole concentration in equilibriura. 
if=2 ■ ■ • ■ ■ 

If Co is definite, from formulae (1) and (4), 

g = OC,(V. , pJ/aV) . C,V(C, (V,, pj+ CJ= (5) 

2 = (9C«(V, , pj/ 9X) . C„V{C, (V„ p„)+ C„)» (6) 

In order to remove C, from formulae (5) and (6), 

25 OCi„,„,/ax)/(ac,ot«./av) 

= (9c,{v, , pj/ax)/ (ac, (v„ pj/ av) (7) 

Here, generally, 
C, (V„ pj 

= I aQa/av, I (8) 

= 2£s£okT/eLD 
. ((e-'"/'''^ + eV^/kT-l) 

+ n„ / p„ (e'^"/"-^ - eV^/kT- (9) 
where Qg is a charge per unit surface area of the 
35 silicon substrate 701; 
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is a permittivity of the silicon substrate 70 1; 
£o is a permittivity of free space; 
k is Boltzmann constant; 
T is an absolute temperature; 
5 Lo is a Debye length; 

n^ is a concentration of minority carriers such as 
electrons in equilibrium. 

If the voltage V or is small so as not to generate an 
inversion region in the silicon substrate 701, 
10 eV^/kT>l 

Therefore, from formulae (8) and (9), 

I = (ea-^o/Ln)(kT/e) ^/^V/^^^ 

i5 - ^ aeo(2 e,eokT/poe=')-^^=*(kT/e)*/^V,-''=' (10) 

Also, the concentrations Po and n^ in equilibrium are 
y non-uniform along the X-direction, i.e., 

g Po = Po (X) (11) 

" no = no (X) (12) 

m Therefore, from formulae (3), (7), (10), (11) and (12), 

g (9c,(v„ Po)/ax)/(ac,(v,, pj/av) 

E - (9c,(v,, x)/ax)/{ac,{v,, xj/avj 

p = -V, Po Mpo/dX 

= -V, d{ln Po(X))/dX (13) 

25 In the formula (13), is definite while the conductive 

probe 3 is scanning. Therefore, information regarding the slope 
of concentration Po of m.ajority carriers in equilibrium with 
respect to the X-direction, i.e., information regarding Po"^dpo/dX 
can be displayed as (dC/dX)/(dC/dV) by the computer 10 using a 

30 flowchart as shown in Fig. 8A. Also, information regarding In 
Po(X) can be displayed as an integration value of 
(dC/dX)/(dC/dV) with respect to the coordinate X by the 
computer 10 using a flowchart as shown in Fig. 8B. 

On the other hand, the voltage V or is large so as to 

35 generate an inversion region in the silicon substrate 70 1, 
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C. (V„ X) 

= {e N^{X)e,eJ2y'^ V„-''^ (14) 
where (X) is a concentration of ionized acceptor 
impurities. In this case, the formula (13) ia rewritten as 

(ac, (V3, x)/ax)/(ac3 (V., x)/av) 

- -V.N^-MN;,(X)/dX 



Ai^ =-v, d(inN^(X)/dx y 



(15) 



EvenTnnthFTo3Fn^ the 
conductive probe 3 is scanning. Therefore, information 
10 regarding the slope of concentration Na(X) of ionized acceptor 
impurities with respect to the X-direction, i.e, , information 
regarding N^'MN^CXI/dX can be displayed as (dC/dX)/(dC/dV) 
with respect to the coordinate X by the computer 10 using a 
^ flowchart as shown in Fig. 8A. Also, information lnN/v(X) can be 
v35 displayed by the computer 10 using a flowchart as shown in Fig, 
0 8B. 

In Fig. 9, which illustrates a second embodiment of 
Q the scanning probe microscope according to the present 

invention, a current sensor 8B serves as the sensor 8 of Fig, 3, 
^20 In Fig. 9, the piezoelectric element 4 vibrates the 

conductive probe 3, and simultaneously, the piezoelectric 
element 4 generates a current signal due to the piezoelectric 
□ effect of the piezoelectric element 4 caused by the vibration of 
" the conductive probe 3, A lock-in amplifier serving as the 
25 detector 6 of Pig. 3 detects the vibration amplitude of the 
conductive probe 3 or the difference in phase between the 
vibration frequency of the conductive probe 3 and the frequency 
fo of the oscillator 5 using the frequency fo of the oscillator 5 as 
a reference. Then, the output voltage of the lock-in amplifier 6 is 
30 supplied to an input of a servo circuit 9 which generates an 

output voltage A and transmits it to the piezoelectric element 2. 
Note that the servo circuit 9 serves as the feedback control unit 
of Fig. 3. As a result, the location Z of the sample 1 is controlled 
by using the output voltage A of the servo circuit 9, so that the 
35 vibration amplitude of the conductive probe 3 or the difference 
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in phase between the vibration frequency of the conductive 
probe 3 and the frequency fo of the oscillator S is brought close to 
a reference voltage V^bf- Thus, the distance between the sharp 
edge 3a of the conductive probe 3 and the sample 1 is brought 
5 close to a definite value. 

In Pig, 9, since the vibration state of the conductive 
probe 3 is detected by the piezoelectric element 4, an optical 
system formed by the laser diode 106 and the detector 107 of Pig. 
1 is unnecessary, and also, the sample 1, the conductive probe 3 
10 and the like can be easily incorporated into a small vacuum 
chamber or cryostat. 

Also, a computer 10 is provided for controlling the 
entire scanning probe microscope of Fig. 4, and a scan circuit 1 1 
is connected between the computer 10 and the piezoelectric 
element 2 to move the sample 1 along the X- and Y- directions. 
As a result, the conductive probe 3 scans the sample 1 while the 
iiy distance between the conductive probe 3 and the sample 1 is 
'ip maintained at a definite value. In this case, the computer 10 
^" stores the location Z of the sample 1 corresponding to the output 
^€ voltage A of the servo circuit 9 in relation to the location of the 

conductive probe 3 in the X- and Y-directions in a memory 
itq thereof. For example, the scan circuit 1 1 is operated so that a 4 
Cj Mm x4/zm area of the sample 1 is scanned by the conductive 

probe 3. Thus, a topographical image of the sample 1 using the 
25 location Z is obtained by the computer 10 on a "Z" display Unit 
12 as shown in Fig, 6A. 



The current sensor 8A generals a current signal C 
relating to a current flowing through between the conductive 
probe 3 and the sample 1. Thus, the c^rent signal I is stored in 
30 the memory of the computer 10 in relation to the relative 

location of the conductive probe 3 inAhe X- and Y- directions. As 
a result, the current flowing throu/h the sample 1 using the 
current signal I is obtained by the^omputer lO on the "I" display 
^ unit 13, 



35 



A lock-in amplifier 14' detects a dl/dV signal from the 
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current signal I of the current sensor 8B using the frequency fj 
of the AC voltage of the voltage modulation circuit 7 as a 
reference, while a4/zm X4//m predetermined area of the sample 
1 is scanned by the conductive probe 3 using the scan circuit 1 1 . 
Thus, the dl/dV signal is stored in the memory of the computer 
10 in relation to the relative location of the conductive probe 3 in 
the X- and Y-directions. As a result, a dl/dV image of the sample 
1 is obtained by the computer 10 on a dl/dV display unit 15. 

As shown in Fig. 9, the current signal I of the current 
sensor 8B is modulated by the vibration frequency of the 
conductive probe 3. Therefore, a lock-in amplifier 16' is provided 
to detect a dl/dX signal from the current signal I of the current 
sensor SB using the frequency f^ of the oscillator 5 as a reference, 
while a 4>tzmX4/^m predetermined area of the sample 1 is 
scanned by the scan circuit 11. In this case, the dl/dX signal 
indicates a spatial differential component of the current I with 
respect to a coordinate X for showing the vibration direction of 
the conductive probe 3. Thus, the dl/dX signal is stored in the 
memory of the computer 10 in relation to the relative location of 
the conductive probe 3 in the X- and Y- directions. As a result, a 
dl/ dX image of the sample 1 is obtained by the computer 10 on a 
dl/dX display unit 17'. 

A lock-in amplifier 18' detects a d^I/dVdX signal from 
the signal dl/dX of the lock-in amplifier 16* using the frequency 
fa of the AC voltage of the voltage modulation circuit 7 as a 
reference, while a 4>amx4//m predetermined area of the sample 
1 is scanned by the scan circuit 11, Thus, a d^I/dVdX signal is 
stored in the memory of the computer 10 in relation to the 
relative location of the conductive probe 3 in the X- and Y- 
directions. As a result, a d^I/dVdX image of the sample 1 is 
obtained by the computer 10 on a d=^I/dVdX display unit 19, 

InTPig, 4~ifThe samplFTT^is m aa:en3^f "i^^icormiu^ 
metal, insulator and the like, an I iin^ge displayed on the "I" 
display unit 13' shows the distribution of each of the 
semiconductor, metal, insulator a/d the like. Also, a dl/dV 
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image displayed on the dl/dV displa/ unit 15' shows the 
distribution of in the sample 1. Furtner, a dl/dX image displayed 
on the dC/dX display unit 17' shows boundaries of different 
electrical characteristics in the sa/mple 1. Further, a d^I/dVdX 
image shows a. spatial slope of cqyiductivity in the sample 1. 
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Note that the above-mentioned images can be 
simultaneously obtained by one scanning operation of the 
condxictive probe 3 upon the sample 1. 

In Fig. 9, the d^I/dVdX signal is obtained by 
10 modulating the capacitance signal I of the current sensor 8B in 
the frequency fo of the oscillator S and then detecting the 
demodulated signal by using the frequency fj of the AC voltage of 
the voltage modulation circuit 7, however, the d^I/dVdX signal 
can be obtained by modulating the current signal I of the current 
sensor 8B in the frequency f^ of the AC voltage of the voltage 
modulation circuit 7 and then detecting the demodulated signal 
iUJ by using the frequency fo of the oscillator 5. In this case, the 

lock-in amplifier 16' is connected to a post stage of the lock-in 
s amplifier 18'. 

^^0 Also, in Fig. 9, the output voltage A of the servo 

it, _J 

'[2 circuit 9 is applied to the piezoelectric element 2 to move the 
03 sample 1 in the Z-direction, so that the vibration amplitude of 
iJ^'J the conductive probe 3 or the difference in phase between the 

vibration frequency of the conductive probe 3 and the frequency 
25 fo of the oscillator 5 is brought close to the definite value Vr^p-^ 
However, this feedback control operation can be carried out so 
that other electrical characteristic signal such as the *'I" signal, 
the dl/dV signal, the dl/dX signal or the d=*I/dVdX signal can be 
brought close to the definits value V^gp. In this case, the current 
30 sensor 8B, the lock-in amplifier 14', the lock-in amplifier 16* or 
the lock-in amplifier 18' is connected to the servo circuit 9. 

In Fig- 10, which illustrates a third embodiment of the 
present invention, the scanning probe microscope of Fig. 4 is 
combined with that of Fig, 9, i.e., the capacitance sensor 8A and 
35 the current sensor SB are both provided and are connected in 
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parallel. As a result, a topographical image, a capacitance image, 
a dC/dV image, a dC/dX image, a d^C/dVdX and a 
(dC/dX)/(dC/dV) image as well as a current image, a dl/dV 
image, a dl/dX image and a d^I/dV/dX image can be obtained. 
5 In the above-described embodiments, the conductive 

probe 3 is made of metal, the conductive probe 3 can be made of 
silicon into which dopants are highly doped. In this case, the 
microscope can detect a change of the Q-value of the vibration of 
the conductive probe 3 due to the electrical interaction between 
10 the conductive probe 3 and the sample 1. Also, the above- 
mentioned images obtained by changing the temperature of the 
conductive probe 3 and the sample 1. 

As explained hereinabove, according to the present 
3 invention, since the conductive probe has a low impedance, the 
^5 sensitivity of the sensor is substantially decreased. Also, since 
J the conductive probe has a small surface against the sample, the 
S/N ratio of the sensor signa.1 is not deteriorated. Further, since 
the radius of curvature of the sharp end of the conductive probe 
is small, the spatial resolution can be increased. In addition, 
!20 since the conductive probe associated with its sharp edge is 

formed by a single material, the sharp edge is hardly peeled off 
from the conductive probe by the friction between the sharp edge 
and the sample. 

Further, since Joule heat is immediately transferred 
25 to the conductive probe, the sharp edge thereof is hardly 

dissolved, and thus, the conductivity of the conductive probe is 
not decreased. 

Additionally, for the sample and the, conductive probe 
can be easily accommodated in a small vacuum chamber or 
30 cryostat. 

Also, in a scanning probe microscope according to the 
present invention, the conductive probe is vibrated in parallel 
with the surface of a sample at a frequency fo and a detection 
system such as a capacitance sensor or a current sensor is 
35 connected to the conductive probe. Then, the output signal of 
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the detection system is detected by using the frequency fo or the 
like, various kinds of images showing the electrical 
characteristics of the sample can be obtained. 

Further, if the sample is formed by a semiconductor 
device information regarding the concentration of majority 
carriers in equilibrium and the concentration of ionized dopants 
can be easily obtained. 



